Introduction
For decades zinc oxide (ZnO) has been in the spotlight due to its unique combination of semiconductor, piezoelectric, optical, and magnetic properties, which open perspectives for wide range of applications from optoelectronic and transparent electronic devices (Ohta & Hosono, 2004) , surface and bulk acoustic wave devices and piezoelectric transducers (Wang et al., 2008) , spintronics (Ji et al., 2008) , to chemical and gas sensors (Carotta et al., 2009) , and solar cells (Ganguly et al., 2004) . Great industrial advantages of ZnO are its eco-friendly nature, wide abundant sources and low costs of metal Zn. ZnO is a group II-VI semiconductor with a direct band gap of 3.37 eV at room temperature, which can be modified (∼3 eV-4 eV) via extrinsic doping with either cadmium (Cd) or magnesium (Mg) . By its semiconductor properties ZnO is similar to gallium nitride (GaN) ( (Tüzemen & Gür, 2007) Both materials have wurtzite crystal structure and very closed values of energy gap, lattice constants and thermal expansion coefficients. Therefore, ZnO can provide a high quality substrate for GaN. Remarkable optical qualities (the width of band gap and large exciton binding energy of 60 meV), enable application for light emitting diodes (LEDs) and UV semiconductor lasers, which are devices with great commercial potential. Besides, ZnO exhibits impressive stability of its properties when exposed to temperatures up to 700 K and radiation and hence, ZnO devices are suitable for space applications.
Resistance dependence on temperature, pressure and illumination can be utilized in temperature and pressure sensors and fire alarm. Undisputable advantage of ZnO over GaN and ZnSe is the lowest price of single crystal wafers ZnO (1 side polish, 10x10 mm), fabricate from Wafer World Inc. (Fig. 1) . Zinc oxide can provide an alternative to other transparent conductive oxides (TCOs), (tindoped indium oxide (In 2 O 3 :Sn) (ITO) and antimony-doped tin oxide (SnO 2 :Sb)), which are widely used as transparent electrodes for liquid crystal displays (LCDs), organic lightemitting diodes (OLEDs), and in photovoltaic solar cells. ZnO has higher conductivity than tin oxide and is readily etchable than ITO. Furthermore, zinc is an inexpensive and abundant metal, whereas indium is a rare metal, and parallel to the growing market for flat panel displays grow worries over its depletion and stable supplies. The remarkable properties of zinc oxide along with: (i) presence of high quality single crystals; (ii) ability to grow ZnO thin films; (iii) ability to dope ZnO and this way to modify its physical properties; (iv) ability to metalize for ohmic contacts and interconnections, make ZnO one of the most promising semiconductor materials of the new millennium. Our work has been motivated by the optoelectronic applications of ZnO and the need of both, high quality p-type and n-type materials to realize active devices. In this chapter we will present our research on the growing and characterizing of p-type ZnO thin films, prepared by radio frequency (RF) diode sputtering, mono-doped with nitrogen (ZnO:N), and co-doped with aluminium and nitrogen (ZnO:Al:N). Important parameters such as crystallite size (D), strain (ε), texture orientation, type and carrier concentration (n/p), carrier mobility (μ) and resistivity (ρ), have to be determined when assessing ZnO quality. In the acceptor levels than phosphorus and arsenic, make nitrogen the preferable candidate for ptype doping between group V elements. Promises for successful p-type doping are also ptype conduction in nitrogen doped ZnSe and high concentration of N O acceptor in N-doped ZnO (ZnO:N) thin films grown by plasma-assisted molecular beam epitaxy (P-MBE) (Sun et al., 2006 (Yao et al., 2007) 456 0.1 1.2x10 17 1200 84.9 6.10 13 3 (Lu et al., 2003) . At higher and lower ammonia concentration, the carrier concentration reduces and mobility goes up due to the oxygen deficiency in the growth ambient, which creates large amount of donor defects, such as Zn interstitials and O vacancies. Therefore, it is difficult to obtain carrier concentrations higher than ~ 10 -17 cm -3 even when the film grows in pure N 2 (Yao et al., 2007) . The temperature plays an important role in the activation of the N O acceptor and annealing can cause an increase in the hole concentrations (Wang et al., 2006) . Indeed, mobility of the annealed samples is higher than of as-deposited ones due to the large grain size and the strong c-axis crystalline structure. The XRD patterns of un-doped ZnO thin films show a strong (002) diffraction line, indicating a c-axis preferential orientation. Incorporation of nitrogen caused the randomization of the crystallites orientation, which is manifested by appearance of additional lines ( (100), (101) and (110)), besides the main (002) line, in the XRD patterns of ZnO:N films . The visible transmittace of p-type ZnO:N (~ 90 %) is almost the same as for Al -, Ga -, or In -doped ZnO thin films (Lu et al., 2003) . The sharp absorption edge appears around 389 nm and shifts towards shorted wavelengths (blue shift) which corresponds to an increase in the carrier concentration.
p-type ZnO by aluminum-nitrogen co-doping
Theory predicted that co-doping of ZnO simultaneously with acceptors (nitrogen) and donors (Al, Ga or In), enhances incorporation of the N O acceptors and supports formation of the shallow N O acceptor levels. Hence, co-doping provides better perspectives for obtaining of a p-type ZnO material than nitrogen mono-doping.
The electrical parameters of p-type N -Al co-doped ZnO thin films are compared in 1.6x10 2 0.3 1.1x10 17 (Yuan et al., 2004) 24.5 0.34 7.5x10 17 3.4x10 4 8.3 2.18x10 13 . Estimation of nitrogen incorporation by means of SIMS depth profiles shows the same trend of variation of the N and Al content in the film. Deposition parameters that influence p-type doping and the physical properties of ZnO:N:Al are growth ambient and temperature , and oxygen partial pressure . In fact, there is optimum temperature or pressure, a kind of temperature/pressure "window" where p-type ZnO material can be grown (Yuan et al., 2004) . Formation of the compensating donor defects, e.g. nitrogen molecules on the oxygen site, (N 2 ) O , can be suppressed by adjustment of the growth temperature. The higher hole concentration of ptype ZnO:N:Al films prepared using NH 3 (1.3x10 18 cm -3 ), compared to this of films doped from N 2 O source (1.1x10 17 cm -3 ), is ascribed to hydrogen incorporation into the film together with aluminum and nitrogen that suppresses the formation of the donor defects. AlN defects act as scattering centers and cause low mobility. The ZnO:Al:N thin films grow with a c-axis preferential orientation and the (002) diffraction line has maximum intensity independently of the substrate temperature or the dopant concentration. They exhibit high visible transparency of about 90%. A decrease in optical band gap at co-doped p-type ZnO was observed .
Development and characterization of nitrogen-doped and aluminiumnitrogen co-doped ZnO thin films: Results and discussions
Our previous studies on un-doped ZnO films (chemo-resistive films for gas sensing and piezoelectric high resistive films for SAW sensors and micro-actuators), laid the groundwork for current experiments (Tvarozek et al., 2007) . The experiments of Yao et al., mentioned in the previous part (Yao et al., 2007) , provided evidence of successful p-doping using N 2 source. Co-doping simultaneously with nitrogen and group III element should be a more effective strategy to achieve a low resistivity p-type ZnO material than nitrogen monodoping (Yamamoto, 2002) . This concept was verified by many research groups and discussed in the co-doping section of this chapter. In the following subsections we shall describe our experimental results and shall discuss the effects of nitrogen doping and aluminum -nitrogen co-doping on structural and electrical properties of ZnO thin films prepared by RF diode sputtering. Moreover, structural and electrical features of ZnO films grown on both Corning glass and Si/SiO 2 substrate under the same and different growth conditions will be compared.
Thin films deposition
The nitrogen-doped and the aluminum -nitrogen co-doped (ZnO:Al:N) thin films, discussed in this chapter, were deposited in a planar radio frequency (RF) sputtering diode system Perkin Elmer 2400/8L. Using of RF sputtering in reactive plasma is a new approach to preparation of ZnO thin films of required properties. In RF diode sputtering a flux of charged and neutral particles interacts with the growing film. This energetic particles bombardment increases the substrate/film temperature (T S ) and reduces the formation energy of the nitrogen acceptor providing conditions for effective p-type doping of the ZnO thin films. The total energy density (E Φ ) of the flux significantly affects and modifies the crystalline structure and hence the electrical and the optical properties of the RF sputtered ZnO thin films. The N 2 dopant source, chosen among the other nitrogen sources, is an easy getting, economic lucrative and non-toxic. The ZnO:N thin films were deposited on Corning glass substrates or on n-type Si (100) wafers covered by thermal Si oxide of thickness 0.8 μm, from a ZnO ceramic target (purity 99.99%), in Ar/N 2 working gases. The diameter of the ZnO target was 203.2 mm. A sintered ceramic target ZnO:Al 2 O 3 (98wt%:2wt%), a mixture of ZnO (purity 99.99%) and Al 2 O 3 (purity 99.99%), in diameter 152.4 mm, was used for the deposition of ZnO:Al:N films. They were deposited on Corning glass substrates in Ar/N 2 working gases. In both cases, the vacuum chamber was evacuated to a base pressure of 2x10 -5 Pa before admission of gases of purity: Ar (99.999%) and N 2 (99.999%). The working gas pressure of 1.3 Pa and the sputtering power (500 W for ZnO:N and of 417 W for ZnO:Al:N films), were maintained constant during deposition. Varying deposition parameters were percentage of nitrogen (0 % ÷ 100 %) in the sputtering gas, and the bias voltage applied on the substrate (-25 V, -50 V and -100 V). Depending on the deposition time that varies from 30 to 60 minutes, the thickness of the ZnO films ranged from 430 nm to 870 nm. The film thickness was evaluated by a Talystep instrument. The substrate temperature T s = room temperature and the ratio E Φ / E Φmin ≥ 7.
3.2 Micro structural parameters of nitrogen-doped and Al:N 2 co-doped ZnO thin films X-ray diffraction provides general purpose qualitative and quantitative information on the composition and structure of the studied material and was used for qualitative structure analysis of nitrogen mono-doped and Al:N 2 co-doped ZnO films. Diffraction line contains a lot of information of which four parameters are of special interest: (i) peak position, (ii) FWHM (full width at half maximum), (iii) intensity of its maximum and (iiii) integrated intensity (area below the diffraction line). These parameters were used to identify the contents of the sample, as well as to evaluate important material parameters such as crystallite size (D), crystallinity, stress and strain (<ε>). X-ray diffraction patterns of the ZnO:N thin films were recorded on an AXS Bruker D8 powder diffractometer (symmetric Θ -2Θ geometry and pseudo-parallel beam), equipped by 2D detector and an Eulerian cradle. CoKα radiation (λ = 0.179 nm) was used. А method proposed by Langford, based on the X-ray diffraction line profile analysis, was used to perform the size-strain analysis (micro-strains and crystallite sizes).
The microstructure of ZnO:Al:N thin films was analyzed on a thin film attachment (asymmetric ω-2Θ geometry and pseudo-parallel beam) and on an X'pert Pro powder diffractometer at a constant incident angle ω of 1 with an observation 2Θ range from 20 to 40. Cu K α (λ = 0,154 nm) radiation was used. In both cases, a ceramic alumina from NIST (National Institute of Standards and Technology) was used as an instrumental standard (Fig. 2) .
Fig. 2. Dependence of FWHM of Ceramic Alumina standard on 2Θ
The diffraction indices for the crystal planes of pure ZnO, their 2Θ (CuKα) values, dspacings and relative intensities calculated by APX 63 -Struc software are presented in Table 4 . Table 4 . XRD reference data for hexagonal ZnO calculated by using APX 63 -Struc software (Kraus, I., 1993) 3.2.1 ZnO:N thin films Structural parameters of ZnO:N films, deposited on Corning glass and Si/SiO 2 substrates, were examined as a function of two deposition variables: the N 2 content in the working gas and the negative bias voltage applied on the substrate (Table 5) . It was found out that both variables influence the film crystalline quality. The XRD patterns presented in Table 5 . Crystallite size and strain as a function of nitrogen percentage in the working gas and the negative bias voltage
Three dominant lines (100), (002), and (101) appear in the XRD patterns of all ZnO films. The forth diffraction line (110), is available only in the patterns of the films deposited at 25, 50 and 75 % N 2 in the sputtering gas. The XRD patterns clear show the change in the growth direction with increasing nitrogen content. A strong (002) line at 2Θ ∼ 40°, and weak (100) and (101) features at 2Θ ∼ 36.9°, 42°, for un-doped (0 % N 2 ) films and those grown with 10 and 100 % N 2 , provide evidence for their polycrystalline hexagonal structure with a preferential c-axis orientation, perpendicular to the substrate. As nitrogen content increases (25, 50 and 75 %), the (002) peak intensity decreases while its full width at half maximum (FWHM) increases. The diffraction lines corresponding to (100), (101) and (110) crystal planes rise, showing that the ZnO:N thin films become more randomly orientated. Table 4 for all three dominant lines (100), (002), and (101) respectively. Depending on N 2 content, their position shifts 0.2º to 0.6º lower for nitrogen -doped ZnO films compared to the standard values (Table 4) for un-doped ZnO. This shift can be explained by compressive lattice strains (stresses) created during sputtering process and can be quantitatively evaluated from the equation for biaxial lattice stress (Šutta & Jackuliak, 1998) 
where E is Young's modulus, μ is Poisson's ratio, d 0 is the reference strain-free interplanar spacing and d is the interplanar spacing obtained from the experiment. According the Bragg law the decrease of the diffraction angle with increasing N 2 content will increase the interplanar spacing d thus introducing stress into the film. Therefore, the shift of the position of (002) line toward the lower angles is an indicator of tensile stress in the ZnO thin films. The estimated crystallite size ranges from 8 to 140 nm with varying N 2 content in working gas. Crystallite size is a measure of the size of a coherently diffracting domain and can be estimated using a Scherrer's formula:
is the Scherrer's constant, λ is the wavelength of the X-rays used, f C β is the pure (physical) Cauchy component of integral breadth of the line taken in radians and Θ is the Bragg's angle (Delhez et al., 1982) . Average micro-strain is about 1x10 -2 and was determined using the equation:
where f G β is the pure (physical) Gaussian component of integral breadth of the line taken in radians (Delhez et al., 1982) . Some researchers have interpreted the strain in nitrogen-doped thin films and structural deformations in terms of the increase of complex defect density in the material (Park et al., 2008) . It was observed that ZnO:N films grown at low temperatures (< 500°C), suffer from high residual tensile stress. One reason for this stress can be the effect of the film thickness and the other is the incorporation of nitrogen. Since Zn-N bond length (2.04 Å) is somehow longer than the length of Zn-O bond (1.93 Å), it is expected that nitrogen incorporation will cause lattice expansion. It is commonly accepted that substrate temperature has a significant effect on physical properties of the film. Since a negative bias voltage applied on the substrate causes an intensive positive ions bombardment on the substrate, it will increase the substrate temperature. The XRD patterns for ZnO:N thin films deposited at three different negative bias voltages, 0, -25 and -50 V, applied on the substrate, and at a constant N 2 content of 75%, are displayed on a Fig. 4 . The crystalline structure of the ZnO:N thin films deposited without bias and at bias voltage of -25 V is random orientated with a dominant (100) feature at 2Θ ∼ 36.7°, while that of the films deposited at -50 V bias gives well defined (002) diffraction line at 2Θ ∼ 39.7°and two weaker (100) and (101) diffraction lines, indicating preferential orientation growth. The narrowing of the (002) and the widening of (100) and (101) Table 4 are missing, and the intensities from detected lines do not match the listed relative intensities. In fact, the variation tendencies in the diffraction angle positions and the intensities with N 2 content are the same as for the films deposited on a glass substrate. The dominant (002) diffraction line of ZnO thin films deposited at 25 % N 2 in the sputtering gas indicates a good crystalline quality with a preferential c-axis orientation, perpendicular to the substrate. As nitrogen percentage in the working gas increases (50 %, 75 % N 2 ), the intensity of (002) line decreases and its width increases. In parallel, the rise of (100) and (101) diffraction lines is observed indicating that the crystallites become randomly orientated.
The 2Θ diffraction angles are smaller than the standard values given in a table 4 for all four dominant lines (100), (002), (101), and (110) respectively. They shift from 0.8º to 1º lower in ZnO:N compared to the standard values (Table 4) for un-doped ZnO. The grain size (12 to 37 nm) increases and average microstrains decrease (0.97x10 -2 to 1.32x10 -2 ) with increasing N 2 content in the sputtering gas. XRD patterns of ZnO:N deposited at 75 % N 2 on Si/SiO 2 and Corning glass 7059 substrates are compared in Fig. 6 . Fig. 6 . X-ray diffraction patterns of ZnO:N deposited on Corning glass 7059 and Si/SiO 2 substrates at 75 % N 2 content in the working gas
ZnO:Al:N thin films
Structural properties of aluminum-nitrogen co-doped ZnO films, sputtered on Corning glass substrate were investigated as a function of nitrogen percentage in the sputtering Ar/N 2 gas mixture. X-ray diffraction show that co-doping improves the crystalline structure and all ZnO:Al:N thin films show a c-axis texture in direction declined about 16 deg from the surface normal. The XRD patterns of ZnO:Al:N thin films deposited at four nitrogen contents (0, 25, 50 and 75 % N 2 ), are recorded for 30° < 2Θ < 50 ° (Fig. 7) . They reveal more or Fig. 7 . X-ray diffraction patterns of ZnO:Al:N deposited on Corning glass 7059 substrates as a function of nitrogen percentage in the working gas less stronger expressed c-axis preferential orientation of the films depending on the N 2 content in the sputtering gas. (100), (002) and (101) diffraction lines appear in the XRD patterns of the films deposited at 25 % N 2 , indicating that their preferential orientation is more random. A strong preferential orientation of the crystallites is observed for high dopant contents (50 % and 75 % N 2 ) and the intensities of the (002) diffraction lines are almost the same. The diffraction lines are asymmetric more likely due to the incorporation of the Al and the formation of different phases (AlO) at the interface, which causes broadening of the line toward the higher diffraction angles. The estimated grain size changes from 21 to 33 nm and microstrains vary from 4.5x10 -3 to 9.6x10 -3 with the N 2 content.
Electrical characterization of doped and co-doped ZnO thin films
Hall-effect measurements are widely used technique to determine the electrical properties, and to evaluate the quality of the semiconductor materials. This technique allows to measure directly the carrier type and concentration. Other attractive properties, which make this characterization technique so popular, are its cost, simplicity and ease of use, although a special sample geometry is required and measurement is sensitive to the contact. Contemporary semiconductor physics acknowledges carrier concentration (n/p) and carrier mobility (μ n /μ p ), fundamental electrical parameters, while resistivity is related to those two parameters. The Hall coefficient (R H ) and resistivity (ρ), are determined experimentally. The hole concentration is a function of the Hall constant and is given by
Similarly for an n-type semiconductor
For known resistivity ρ, the carrier drift mobility is evaluated using the formula:
The Hall-effect measurements of ZnO:N and ZnO:Al:N thin films were carried out at room temperature (RT). The measured samples have geometry of a 1x1 cm square. The ohmic contacts were made by small indium dots at the four corners of square samples, so that, their average diameter and also the film thickness were significantly smaller than the distance between the contacts. In order to exclude photoconductive and photovoltaic effects the samples were measured in the dark. The Hall system was assembled from a Tesla Multimeter model BM518, a voltage source Statron model 3205 covering the voltage range from 0 to 30 V and a high input impedance voltmeter. The magnetic field of 0.385 T was created from a permanent magnet. The obtained measurement results were acquired and processed by a personal computer (PC) and home developed software. The data reported from PC were a carrier type and concentration p/n, resistivity ρ, Hall coefficient R H and carrier (or Hall) mobility µ H . When evaluating the Hall measurement results should be considered some underlying limits associated with them like are Hall scattering factor (r H ) (generally assumed to be 1), and the small magnitude of the Hall voltage. For thin films with low Hall mobility like ZnO:N and ZnO:Al:N the difference between the Hall voltage with and without a magnetic field will be small, making accurate measurement of the Hall voltage difficult. This required repeating and careful measurements to make sure the measured changes in the Hall voltage were accurate and consistent for the applied magnetic field and current.
ZnO:N thin films
The room temperature Hall measurements were carried at specified currents, depending on the film's resistivity. Four types of variations are followed in the data depending on the N 2 content in the sputtering gas, negative bias voltage on the substrate, type of the substrate and heat treatment.
Effect of the N 2 content in the sputtering gas
The electrical parameters of ZnO:N deposited on Corning Glass substrates as a function of the N 2 content into the sputtering gas are specified in The term NM refers to "not measurable", when the sample's resistance is too high (higher than 5.4x10 4 Ωcm) and the current source is unable to drive the necessary current. This occurred for ZnO:N thin films deposited without N 2 and with 10 % N 2 in the sputtering gas. The effect of the N 2 content on the resistivity, mobility and carrier concentration of p-type ZnO:N thin films grown on Corning glass substrates can be seen in Fig. 8 . The resistivity of the un-doped ZnO thin films (0 % N 2 in the sputtering gas) is too high to be measured. In fact, the films doped at 10 % N 2 have the highest resistivity of 5.4x10 4 Ωcm. Owing to nitrogen incorporation and creation of nitrogen acceptors, the films prepared at 25 %, 75 % and 100 % N 2 in the sputtering gas show p-type features. Nitrogen incorporation was confirmed by secondary ion mass spectroscopy (SIMS) (Shtereva et al., 2006) . Conductivity type of the samples grown at 50% nitrogen is rather controversial and statistically was determined to be n-type. Four subsequent measurements were conducted with a current of 200 nA driven through this sample. With the measured Hall voltages, film's thickness and current, type of conductivity was determined three times as n-type, and once as p-type. Measurement was repeated and three subsequent measurements were carried out with a current of 500 nA. The calculations with newly obtained Hall voltages determined the sample two times as a p-type and once as an n-type. Since denoted n-type, the electrical parameters of this sample are not included in Fig. 8 and the following discussion. Resistivity variations of two orders of magnitude, mobility variations of a factor of ~ 8, and concentration variations of an order of magnitude occur with N 2 content changing from 25 to 100%. More than 50% reduction of the resistivity, from 1.5x10 3 Ωcm to 7.9x10 2 Ωcm, follows the increase of nitrogen percentage from 25 to 50 %. The lowest resistivity is obtained for 75 % N 2 and is a result of the highest mobility. The further supply of nitrogen to the Ar/N 2 gas to amount of 100 %, leads to 2.7 times increase of the resistivity to the value of 2.1x10 3 Ωcm.
Although the SIMS depth profile shows the incorporation of nitrogen in the films, the carrier concentration is reduced from 1.2x10 15 cm -3 to 1.3x10 14 cm -3 when nitrogen percentage in working gas increasing from 25 to 100 %. The reason for this decrease in the carrier concentration is more likely due to compensation of the N O acceptor by native and nitrogen related donor defects as well as by unintentionally introduced donor defects. First-principals calculations denote O vacancies and N-acceptor -Zn-antiside (N O -Zn O ) complexes major compensating donors for a normal N 2 source, whereas nitrogen molecules (N 2 ) O and N O -(N 2 ) O complexes are the major compensating species for a plasma N 2 source (Lee et al, 2001) . Hence, achievement of high hole concentrations at low nitrogen doping levels is restricted by the O vacancies, whereas at high doping levels the N O acceptor is compensated by donor complexes that nitrogen forms with the native defects. ), hence, the formation energy of (N 2 ) O molecule decreases double, which means that in thermal equilibrium conditions the concentration of (N 2 ) O donors will increase faster than the concentration of acceptors (Zhang et al., 2001) . This explains why the increase in the N concentration often does not result in high hole concentrations p-type ZnO. The carrier transport is influenced from various scattering mechanisms that determine carrier mobility in semiconductors. The major scattering mechanisms in ZnO thin films are presumed to be: (i) ionized impurity scattering; (ii) neutral impurity scattering, and (iii) grain boundary scattering. In the case of ionized impurity scattering, mobility shall decrease with increasing carrier concentration when the free carriers' density is equal to the concentration of the ionized donors/acceptors. The dependence of mobility on carrier concentration is plotted on Fig. 9 . Mobility increases with increasing N 2 content from 25 to 75 % in consequence of the decreasing hole concentration (Fig. 8a) . The highest Hall mobility of 25 cm 2 /Vs along with a hole concentration of 3.2x10 14 cm -3 are found in ZnO:N prepared at 75 % N 2 and result in the lowest resistivity of these films. 
Effect of the negative bias voltage applied on the substrate
The electrical parameters of ZnO:N thin films deposited on Corning Glass and Si/SiO 2 substrates as a function of the negative bias voltage applied on the substrate are given in Table 7 . All films were prepared at 75 % N 2 in the sputtering gas. Fig. 10 illustrates how the hole carrier concentration, resistivity and mobility vary with the negative bias voltage for ZnO:N films deposited on glass substrates. Irrespectively of the used substrate, the carrier concentration is lower, and mobility and resistivity are higher, for samples prepared at negative bias compared to those grown without a bias voltage. Indeed, Table 7 . Electrical parameters of ZnO:N deposited on Corning glass 7059 and Si/SiO 2 substrates as a function of the negative bias voltage the intensive bombardment by positive ions on the substrate, induced from the negative bias voltage, will increase the substrate temperature and hence, improvement of the crystalline structure of the film discussed in the previous subsection. On the other hand, this ion bombardment can induce defects in the film, which influence its electrical parameters. 
Effect of annealing
Post-deposition annealing is known to improve crystalline structure and to decrease the background defects in ZnO. The ZnO:N thin films deposited with 75 % and 100 % N 2 in the sputtering gas (Samples No 12 and 13) were annealed in N 2 atmosphere at a temperature of 600ºC for 10 minutes. The electrical parameters of the as deposited and annealed samples are presented in a Table 8 . Electrical parameters of ZnO:N thin films as a function of annealing in N 2 atmosphere at temperature of 600ºC.
The annealed samples are marked as 12A and 13A respectively. After annealing, type of conductivity changes from p-type to n-type for both samples more likely due to the out-diffusion of nitrogen from the film during heat treatment and the decrease in concentration of the nitrogen acceptors. Mobility and resistivity are reduced as a result of the increase carrier concentration. Raman spectra of ZnO:N films reveal a decrease in intensity of the peak at 271.5 cm -1 that is assigned to the local vibrational modes (LVM) of nitrogen ). According to some works, intensity of the dopant's LVM has a linear dependence on the dopant concentration (Kaschner et al. 1999 ). On the other hand, intensity of the peak at 576.7 cm -1 , which is associated with the presence of defects, such as O vacancies and Zn interstitials, increases after annealing.
ZnO:Al:N thin films
The aim of these experiments was to investigate the influence of Al -N 2 co-doping on the electrical properties of sputtered ZnO thin films and thereby to verify the effectiveness of the co-doping concept. The importance of this task is determined by the following requirements: (i) to decrease their resistivity and increase their transmittance and (ii) to understand better the role of aluminum, as nitrogen co-dopant, on their physical properties. The ZnO:Al:N thin films were deposited at different N 2 contents in the sputtering gas mixture: 0 %, 25 %, 50 % and 75 %. Their electrical parameters were determined by means of Hall-effect measurements, carried out at room temperature. In contrary to ZnO:N, the Al -N 2 co -doped thin films have lower resitivity which allowed the Hall voltages to be taken at higher currents, depending on the film resistivity. Hall data, taken twice with two weeks period between the first and the second measurement, are listed in Table 9 . As expected, the thin films doped only with aluminum, without nitrogen in the sputtering gas (ZnO:Al), are n-type and high conductive. The high carrier concentrations of ZnO:Al compared to nitrogen-doped ZnO results from the contribution of the Al 3+ substituents in addition to the native donor defects. The conductivity type of the samples prepared with 25 % N 2 in the sputtering gas was unstable, being p-type during the first measurement and turning to n-type during the 
Conclusions
Our research on the growing and characterizing of p-type ZnO thin films, prepared by radio frequency (RF) diode sputtering, mono-doped with nitrogen, and co-doped with aluminium and nitrogen, is a response of the need from p-type ZnO thin films for device applications. The dopants determine the conductivity type of the film and its physical properties. We obtained p-type ZnO thin films by RF diode sputtering and using a nitrogen dopant source. The novelty in our approach is in the use of a plasma assisted deposition method, to increase nitrogen solubility and the concentration of the N O acceptors in the film. The structural parameters, such as preferential orientation, crystallite size and strain in the film, depend on percentage of nitrogen in the working gas and the negative bias voltage. The XRD diffraction patterns reveal more or less stronger expressed c-axis preferential orientation of the films depending on the N 2 content in the sputtering gas. The diffraction lines of ZnO (100), (002), (101), and (110) are observed in the XRD diffraction patterns of all ZnO:N thin film. Aluminium-nitrogen co-doping improves the crystalline structure and all ZnO:Al:N thin films show a c-axis texture in direction declined about 16 deg from the surface normal. Three diffraction lines ( (100), (002) and (101)), appear only in the XRD patterns of the films deposited at 25 % N 2 , indicating that their preferential orientation is more random. A strong preferential orientation of the crystallites is observed for high dopant contents (50 % and 75 % N 2 ) and intensities of the (002) diffraction lines are almost the same. 
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